The objective of the paper is to study the influence of the mismatch effect on high-strength steels and to determine fatigue crack propagation design curves. In order for determination and comparison of the fatigue resistance, fatigue crack growth tests were performed on S690QL, S960QL quenched and tempered, and S960M thermomechanically rolled high-strength steels. Fifteenmillimeter-and 30-mm-thick base materials were used for our investigations. Welded joints were made from these base materials, using gas metal arc welding with matching, overmatching, and undermatching filler metals. In the paper, the performance of the welding experiments will be presented, especially with the difficulties of the filler material selection; along with the results of the fatigue crack growth examinations executed on the base materials and its welded joints. Statistical aspects were applied both for the presenting of the possible locations of the cracks in the base materials and the welded joints and for the processing of the measured data. Furthermore, the results will be compared with each other, and the possibility of derivation of fatigue crack propagation design or limit curves will be referred.
Introduction
Nowadays, one of the basic trends of vehicle industry is the environmental impact reduction, in other words, the consumption reduction due to weight decreasing, which can be approached from materials science of view, by applying different high-strength materials [1] (steels [2] [3] [4] , aluminium alloys [5] , and composites [6] ). In case of different vehicles, the main joining technology is the welding, the conventional and advanced methods of fusion and pressure welding. Beside the environmental impact reduction, the reliability and safety requirements according to structural elements of vehicles have significant grown; at the same time, statistical data show that third portion of damages leading to fracture occur in welded joints, while their near four fifths happen to cyclic loaded structural elements.
During the welding process, the elements are affected with heat-effect and mechanical loads, which result in inhomogeneous welded joint [7] . The inhomogeneity of the welded joints appears both in microstructural and in geometrical aspects. In case of structural relation, zones with different microstructure and dissimilar behaviour come into being, in case of geometrical relation, it shows up in form as material discontinuities and locations for stress concentration. The changes in microstructure and geometry materialize in deflections (acceptable), or rather in failures (unacceptable); and these influence the behaviour of welded joints and their loadability. Discontinuities in materials have especially high danger in case of cyclic loading conditions, which are typical for vehicle structural elements.
All these together explain that our research work has focused on the high-strength steels from the world of materials, on the welding technologies from the manufacturing processes, and finally, on the cyclic loads from the different loading conditions. Different high-strength steels and the gas metal arc welding (GMAW) method were chosen; and the investigations were focused on fatigue crack growth (FCG) tests. Individual FCG test results can be found in the literature, the effect of stress ratio (R) was investigated and compared on S355 and S690 Q + T steel grades [8] ; and the effect of water quenching (in other words the different microstructure) was tested on RD480 steel [9] . The mismatch effect and other influencing factors on fatigue life were studied on HSLA-80 steel, each specimen on undermatching, matching (or equal matching), and overmatching welded conditions were investigated [10] [11] [12] . In our research work, statistical approach was applied during both the preparation and the evaluation of the investigations, which have been allowed the expansion the effectual range of the results and the increasing of reliability.
The paper summarizes and presents the results according to our FCG investigations on different quenched and tempered (Q + T) and thermomechanically rolled (TM) high-strength steel base materials (BM) and their GMAW joints (WJ). Different mismatch conditions were applied during the welding process; therefore, specimens from matching (m), overmatching (om), and undermatching (um) welded joints were tested. Furthermore, we also refer to the possibility of derivation of fatigue crack propagation design or limit curves cover all cases.
2 Mismatch effect, materials, welding characteristics, and fatigue crack growth tests circumstances
Mismatch effect
The selection of the filler metal in case of the high-strength steels is a very important and complex task. Thin advanced high-strength steel (AHSS) sheets can be successfully welded without filler metal, although in some cases, it may be disadvantageous to the weld quality (cracking phenomena, reaching the strength level). It is necessary to take into consideration that in the case of the examined steels, filler metal cannot be ignored; therefore, based on the ratio of the mechanical properties of base material and filler metal, matching (m), overmatching (om), and undermatching (um) filler metals can be used. In case of matching condition, the evolved mechanical properties of the joint are equal or nearly the same as the base material. In the undermatching case, the mechanical properties of the joint are lower than the base material properties, while in case of overmatching condition, the joint properties are higher than the base material features. General theorem, that in the case of the hot-rolled steels, equal or slightly higher strength matching filler metals are used. In case of higher strength, overmatching filler metals necessary to count on high residual stress, which can be unfavourable. In case of high-strength steels (yield strength over 600 MPa), it is more beneficial to use undermatching filler metals. Of course, in that case, lower strength-welded joint was gained. Notwithstanding the smaller strength, these filler metals have a number of advantages, which can be used effectively on high-strength steels. Such positive attributes are the higher toughness of the weld metal, the higher resistance against the hydrogen cracking or the smaller residual stress in the welded joint. It calls for comment, that the mechanical properties of the welded joint exceed the minimal requirements of the base material in the case of undermatching filler metal [13] . Besides the previous mentioned benefits, the location of the welded joint in the structure or in the structural element is very important, too. On those places, where the joint is load-carrying, essential that the strength of the joint is equal the base material strength. However, on those places where the loading is lower (not load-carrying joints), it may be enough to use smaller strength joints.
Because of the higher strength weld metal, overmatching filler metals are used as well in many cases. In that case, the higher yield strength of the welded joint is more beneficial, despite the slightly higher residual stress, the lower toughness, or the decreasing of the fatigue, in our case of the FCG resistance. However, in that case, the ratio of the fatigue resistance reduction (if there is any) is unknown. Therefore, this study mainly focuses on this phenomenon. On the other hand, overmatched filler metals can be used only for lower yield strength high-strength steels, e.g. for S690Q type steels. 
Base materials and filler metals
The thicknesses of the investigated base materials, the chemical composition of the base materials and the selected filler metals, and the mechanical properties for the whole research program can be seen in Tables 1 and 2 , respectively. The cases of the base material-filler metal pairing and therefore the mismatch conditions can be seen in Table 3 .
Gas metal arc welding characteristics
The applied welding equipment was a DAIHEN VARSTROJ WELBEE P500L power source. The dimensions of the welded plates were 300 mm × 125 mm. For the equal stress distribution X-grooved (double V-grooved) welding joints were used, with 80°opening angle and with 2 mm gap between the two plates. Figure 1 illustrates the edge preparations and the weld deposition sequences for both 15-mm-and 30-mm-thick plates. During the welding, the test pieces were rotated after each layer. Based on the industrial experience, 18% CO 2 + 82% Ar gas mixture (M21) was used as shielding gas. In the case of the filler metal, 1.2-mm-diameter wires were applied in all cases. The root layers (2 layers for both thicknesses) were made by a qualified welder; while the other layers (6 layers for 15-mm-and 18 layers for 30-mm thicknesses) were made by automated welding car. The experimental assembly can be seen in Fig. 2 . The welding parameters were selected based on both theoretical considerations [14] [15] [16] and real industrial applications. The applied welding parameters were summarized in Table 4 . The table shows the welding current (I), the voltage (U) and the welding speed (v w ) values, also the preheating (T pre ) and the interpass (T ip ) temperatures, with the linear energy (E v ) and the calculated critical cooling time (t 8.5/5 ) values. The critical cooling time was calculated as follows:
where λ is the thermal conductivity coefficient, c p is the specific heat capacity, ρ is the density of the base material, and t is the plate thickness. The parameters of the root and the filler layers in Table 4 were shown separately in each case.
Fatigue crack growth test circumstances
The FCG tests were executed on three-point bending (TPB) specimens, nominal W values were 26 mm and 13 mm for both base materials and welded joints. The position of the notches correlated with the rolling direction (T-L, L-T, T-S, The notch locations, the notch distances from the centreline of the welded joints, were different; therefore, the positions of the notches and the crack paths represent the most important and the most typical crack directions in a real welded joint. Post-weld heat treating was not applied after welding on GMAW joints (investigations in as-welded condition). The FCG examinations were performed with tensile stress, R = 0.1 stress ratio, sinusoidal loading wave form, at room temperature, and on laboratory air, using MTS type electrohydraulic testing equipment. The loading frequency was different, it was f = 20 Hz at the two-thirds of crack growth, and it was f = 5 Hz at the last third. The propagating crack was registered with optical method, using video camera, hundredfold magnification (N = ×100).
Results of examinations
Stress intensity factor range (ΔK) values were calculated as follows: 
and ΔF is the load range, W is the specimen width, B is the specimen thickness, and a is the crack length. Secant method [17] was used to evaluate the fatigue crack growth data. The constants (C and n) of the Paris-Erdogan relationship [18] were calculated using the least squares regression method, and the fatigue fracture toughness (ΔK fc ) values were determined using the crack length on the crack front measured by The calculated stress intensity factor range vs. fatigue crack growth rate values for Weldox 960Q base material Tables 5, 6 , and 7 summarize the characteristics of the Paris-Erdogan exponent (n) and the fatigue fracture toughness (ΔK fc ) samples for the Weldox 700E, the Weldox 960Q and the Alform 960 M base materials and their welded joints, determined from the certain kinetic diagrams, respectively. In that case when the kinetic diagram can be written with more straight section in the domains, then only the constants of the relationship which describes the greatest (middle) part of the diagram were used for the statistical samples. Wilcoxon matched pair test (testing the hypothesis that the scores for two variables were drawn from the same distribution) [19] were used for the assessing of the independency of the samples. Italic characters indicate in the tables the non-independent samples; these samples can be combined into one sample.
The element number of the samples, the average, the standard deviation and the standard deviation coefficient values can be found in the tables. Because both base materials and welded joints were investigated, the standard deviation coefficient values represent reliable measurements.
Fatigue crack propagation limit curves
Based on the experimental data and results, fatigue crack propagation limit curves can be determined. Generally, the determination of the fatigue design curves consists of six steps, as follows [20] . First step: determination of measuring values, the threshold stress intensity factor range (ΔK th ), the two parameters of the Paris-Erdogan law (C and n) and the fatigue fracture toughness (ΔK fc ). Second step: classification of measured values into statistical samples, on the basis of calculated test results, applying Wilcoxon matched pairs test. Third step: selection of the distribution function type using Shapiro-Wilk, Kolmogorov-Smirnov and chi-square goodness of fit tests (testing if sample data fits a distribution from a certain population, i.e. a population with a normal or a Weibull distribution), at a level of significance ε = 0.05. After the analysis, it was concluded, that only the three parameter Weibull-distribution function is suitable for describing all the configured samples. Fourth step: calculation of the parameters of the three parameter Weibull-distribution functions. The parameters of the distribution functions were calculated for all the configured samples using the
equation, where N 0 is the threshold parameter, α is the shape parameter and β is the scale parameter. Fifth step: selection of the characteristic values of the distribution functions. Considering the influencing effects of the material parameters on life-time estimation, characteristic values of ΔK th , n and ΔK fc were selected. The threshold stress intensity factor range (ΔK th ) is that value which belongs to the 95% probability, the exponent of the Paris-Erdogan law (n) is that value which belongs to the 5% probability and the fatigue fracture toughness (ΔK fc ) is that value which belongs to the 5% probability of the relevant Weibull-distribution function. The Paris-Erdogan constant (C) can be calculated on the material group (e.g. steels, aluminium alloys) dependent correlation between C and n. The calculated data and the correlation of the presented results can be seen in Fig. 12 (r = 0.9955). Figure 13 shows the fifth step schematically. Sixth step: calculation of the parameters of the limit curves, using simplified method [21] . The main characteristics of the determined limit curves can be found in Table 8 . In those cases, when the orientation and/ or the path of the propagating crack is known, the values in Table 8 can be directly used. In those cases, when n and ΔK fc values calculated in the two directions (T-L and L-T vs. T-S, or 21W vs. 23W) are significantly different, and the orientation and/or the growing crack path is not known, the lowest value should be considered from the related ones. The unambiguous determination of the design curves in the near threshold region is difficult. On the one hand, if the threshold stress intensity factor range value (ΔK th ) is not known, values can be found in the literature (e.g. [22, 23] ) are usable; furthermore, in special or particular cases, results of virtual testing [24] can be applied, too. On the other hand, the threshold stress intensity factor range value, ΔK th , must be reduced by tensile residual stress field and may be increased by compressive residual stress field (e.g. welding residual stresses). 
Summary and conclusions
Based on our investigations and their results, the following conclusions can be drawn.
& The applied gas metal arc welding process and the used technological parameters are suitable for production welded joints with appropriate quality. & The welding causes unfavourable effects both on the mechanical properties and the fatigue crack growth resistance of the high-strength steels. This statement has good correspondence with previous high cycle fatigue experiments [25] [26] [27] . of the matching (m), overmatching (om) and undermatching (um) conditions of the investigated welded joints were statistically higher than the exponents of the concerning base materials. The average value of the Paris-Erdogan exponent (n) of the overmatching (om) welded joint of the Weldox 700E is lower than the exponent of the matching (m) condition. The fatigue crack growth resistance under overmatching (om) condition is lower than matching (m) condition. The average value of the Paris-Erdogan exponent (n) of the matching (m) welded joint of the Alform 960M is lower than the exponent of the undermatching (um) condition. The fatigue crack growth resistance under matching (m) condition is lower than undermatching (um) condition. & The determined results fundamentally refer to reliable and reproducible examinations. Unfortunately, the standard deviation coefficients are in some cases too high (ParisErdogan exponent (n), T-S, 21W and 23W orientations). & Based on these results and the used methods fatigue crack propagation limit curves can be determined for the investigated base materials and their gas metal arc welded joints, using simplified method [21] . The limit curves correctly reflect the fatigue crack growth characteristics of the base materials and the welded joints. & Further examinations required to measuring ΔK th values for base materials and welded joints, to statistically more established conclusions and to study of the effects of the welding residual stress fields. 
